Phylogenetic relationships, rates of evolution, and codon usage were investigated in a family of retrotransposons (SURL elements) found in echinoids. 
Introduction

Echinoid retrotransposons
were first described as a family of long, interspersed, repeated sequences in St rongylocent rot us, Tripneustes, and Lytechinus and named the 2 108 family (Anderson et al. 198 1; Posakony et al. 198 1; Scheller et al. 198 1) . Subsequently, it was demonstrated that these elements are a family of retrotransposons belonging to the gypsy group and are most closely related to the mag element from Bombyx mori based on reverse transcriptase and RNase H sequences (Springer et al. 199 1; Springer and Britten 1993) . Now 2 108 elements are called Sea Urchin Retroviral-Like (SURL) elements and have been reported from eight echinoids including species that diverged 250 million years ago (Springer et al. 199 1) . Like other retrotransposons in the gypsy group, the order of enzyme domains in the pal gene is protease, reverse transcriptase, RNase H, and integrase.
Retrotransposons have a widespread distribution among eukaryotes (e.g., see Xiong and Eickbush 1990; Flavell et al. 1992; Voytas et al. 1992; Hirochika and Hirochika 1993) ; they belong to multimember families with a copy number ranging from a few (e.g., Ta elements in Arabidopsis; Konieczny et al. 199 1) upward to 10 5 copies per genome (e.g., BIS elements in barley; Moore et al. 199 1) . Among elements within the genome of a single species, Flavell et al. ( 1992) have noted a positive correlation between copy number and sequence heterogeneity for elements in the copia group of retrotransposons in plants. In Arabidopsis, in which genome size is among the smallest known for flowering plants, heterogeneity is much less than for elements in other plant species such as potato, in which genome size is larger and individual elements may be as much as 75% different at the amino acid level.
SURL elements also show considerable intraspecific diversity as well as an interesting subfamily structure in which each subfamily contains 5-50 closely related sequences (0%-10% DNA sequence divergence), but different subfamilies are at least 25% different based on DNA hybridizatiion measurements ( Scheller et al. 198 1) . This pattern has been observed for Strongylocentrotus purpuratus and S. franciscanus. It is now known that relatives of SURL elements also occur in the starfish Pisaster ochraceous and that reverse transcriptase amino acid sequences within this species are as much as 69% divergent (R. J. B&ten, unpublished data) , similar to what has been observed in potato.
Because there are multiple elements within the genome of a single species (i.e., paralogous sequences), elements in two different species may trace back to the time of host speciation or predate such speciation by an undetermined amount of time. This complicates attempts to recognize the phylogenetic signature of the host taxa in a retrotransposon phylogeny. Several recent analyses of retrotransposon phylogeny in plants illustrate this problem (Flavell 1992; Flavell et al. 1992; Voytas et al. 1992; Hirochika and Hirochika 1993) . Barring horizontal transfer between species, however, the most recent node(s) separating elements in two different species should be closer to or even coincide with the phylogenetic divergence of the host taxa. Deeper nodes on a retrotransposon tree for elements in the same pair of taxa should then represent successively more ancient paralogous duplications.
The possibility of horizontal transfer cannot be ignored, however, and has been suggested for elements in both the gypsy and copia groups based on several lines of indirect evidence ( Flavell 1992; Flavell et al. 1992; McHale et al. 1992; Alberola and de Frutos 1993a, 1993b; Hirochika and Hirochika 1993) . Indeed, Flavell ( 1992) has suggested two models to account for the widespread distribution of retrotransposons among eukaryotes.
The first model hypothesizes that retrotransposons have been present in eukaryotic genomes since the origin of eukaryotes and have subsequently followed a course of vertical transmission.
The second model hypothesizes origination of retrotransposons some time after the origin of major eukaryotic groups with subsequent horizontal transfer playing a major role in their spread. In actuality, Flavell ( 1992) considers an intermediate model more realistic, but the relative importance of horizontal transfer remains unclear.
Understanding the evolutionary history of retrotransposons, including the time of their origination, is also complicated by the possibility of accelerated rates of evolution among active elements (Doolittle et al. 1989; Flavell 1992; Alberola and de Frutos 1993a, 1993b) . Flavell et al. ( 1992) have argued that a low rate of mutation is incompatible with genetic elements that rely on reverse transcription for replicative transposition. In fact, assumptions about accelerated rates sometimes underpin arguments for horizontal transfer.
In this article we explore the evolutionary dynamics of SURL element reverse transcriptase sequences with an emphasis on ( 1) recognizing the phylogenetic signature of host taxa in a retrotransposon phylogeny in which we also expect an array of paralogous sequences and (2) calculating rates of evolution. SURL elements are an excellent system for examining these questions because the phylogeny of echinoids has been studied by paleontologists and molecular systematists (e.g., Smith 1988 Smith , 1989 Smith , 1992 Smith et al. 1992) , and an outline of this phylogeny for many taxa, including those that u have chosen for study, is well understood.
In additio to comparing retrotransposon phylogeny with host ph! logeny and examining rates of evolution, we also el amine patterns of codon usage in a SURL element 2 well as in other retrotransposons and discuss the imp1 cations of phylogenetic patterns, rates of evolution, an patterns of codon usage for the recognition of horizont; gene transfer.
Methods
Ten echinoids were included in our study. A cla: sification of these echinoids, following Smith ( 1988 Smith ( , 1981 Smith ( 1992 and Smith et al. ( 1992) , is given in table 1.
SURLl-3 from Tripneustes gratilla (TRIP3 in th article) has been fully sequenced (5,266 base pairs) an is reported elsewhere (Springer et al. 199 polymerase chain reaction to amplify a portion of tl reverse transcriptase gene using the primers Dl (5'GTNAA(C/T)ACNATGATGGA(C/T)GA 3') an S14 (5' TCTTG(T/C)GCATG(A/T)TCCCA 3' Conditions for amplification were as follows: 30 cycles of denaturation at 94" for 40 s, annealing at 37" for 2 min, and extension at 72" for 3 min. PCR products were cloned into PCR II (Invitrogen) and transformed into competent INV F'cells prepared using the procedure of Hanahan ( 1983 ) . Plasmid DNAs were extracted from 5-ml cultures using standard techniques (Maniatis et al. 1982) . DNAs were sequenced in both directions using the dideoxy sequencing procedure (Sanger et al. 1977) with Sequenase 2.0 (United States Biochemical) and 35S. Universal primers, DD, and S 14 were used for sequencing PCR reverse transcriptase clones. For library clone reverse transcriptases, DD and the additional 5 ' primers 22 1 (5' AGTTAACACAATGATGGATGA 3') and S8 (5' GATGTTCA(A/G)AG(A/G)TTCTT(A/G)GG 3') were used to sequence in one direction, while S 14 and the additional 3' primers 222 (5' CTGACTTGG-TCGACAGATCTGG 3')) S7 ( 5' TGCAATAGCAC-TGCACC 3')) and LV5 ( 5' GTCATAGAAATGAAGC 3') were used to sequence complementary strands. Alignments of nucleic acid sequences were made with FASTA (Pearson and Lipman 1988) and CLUSTAL (Higgins and Sharp 1988 ). Kimura's (1980) two-parameter DNA distances were calculated using the DNADIST program available on PHYLIP 3.5 (J. Felsenstein).
The NEIGHBOR program of PHYLIP was used to implement the neighbor-joining method of Saitou and Nei ( 1987) . Both of these programs were implemented in the Genetic Data Environment (version 2.2) of Steven Smith on a Sun Sparcstation LX. Codon frequencies were obtained using the CODONFRE-QUENCY program of the GCG package or were taken from tabulations given in Wada et al. ( 199 1) .
Results and Discussion
Distances and Intraspecific Variation
An alignment of DNA sequences for part of the reverse transcriptase gene (mean length = 3 19 bases)
for 38 SURL elements is available from the authors on request. A distance matrix (not shown) based on these sequences was generated using Kimura's ( 1980) twoparameter method. Mean intraspecific divergence is 2.4 1% for corrected distances, comparable to the mean distance (2.88%) between reverse transcriptase sequences in the closely related species S' trongylocentrotus purpuratus and S. drobachiensis that diverged as recently as 3.5 million years ago (Smith 1988) . The largest intraspecific divergence for elements in the same subfamily (see below ) is between two elements in Tripneustes gratilla (TRIP 3 and TRIP 7) that are 13.2% different (corrected). Thus, most of the intraspecific divergence for elements in the same subfamily has probably occurred within the last few million years.
FRAN3
and FRAN7 and approximate divergence times among the taxa included in our study based on data from the fossil record and molecular information including both DNA sequences and single-copy DNA hybridization measurements (Smith 1988 (Smith , 1989 Smith et al. 1990 Smith et al. , 1992 .
Neighbor-joining analysis of the Kimura-corrected distances for reverse transcriptase sequences resulted in the tree shown in figure 2, which is rooted with the Ilzrcidur-is sequence. A few branches on this tree have negative lengths. Elements from S. (~rrpzlr'u/~r.v cluster with elements from S. drohuc'l1icn.si.s. This is consistent with the relatively recent divergence of these two species. The S. ~~~~~z~~uzzLs elements are paraphyletic; for example, PURP16, PURP3, and PURP2 1 are closer to the S. drohuchicwsis elements than they are to PURP-CSP. This suggests slightly older divergence times for some of the elements in S. pwpwutlts than the S. plrrplrrutzts-S. ~rohal,}zicn.si.s speciation event. The next closest elements are from S. ,fkmci.scun~~.s, which is consistent with S. )wx~iscunzr.s diverging from S. pwpl(rutm-S. drobuchicnsis prior to the divergence of S. pwpllrutl1.s and S. u'rohuc~t1ic~n.si.s. Elements in S. fi-um~iscun~rs are paraphyletic with FRAN8 closer to the S. plrrprlrutlo and S. drobachimsis elements than to other S. ,~iunc~iscun~r.s elements. Again, multiple insertions and deletions in all of the S. ,fi-unciscun~~s elements are consistent with long residence times in the genome for this species. HERY7 from flcdiociduris cr!ItI~ro~~~ruln/l-1u and HTLJ B3 from Ilcliociduris tzrbcwdutu cluster together and are the sister group to the Stron,~~'/oc,c~ntrc)tlt,s elements. Elements from Triprwmtcs, in turn, cluster together and are the sister group to the aforementioned elements from Ilc1iociduri.s and St rong~~locmt rot 11s.
Str-ongl.loc~c~rltr.otl~.s, i/diociduri.s, and Tripnczlstcs are representative of three subfamilies within the family Echinometridae and probably diverged from one another about 35-45 million years before present . Relationships among these three subfamilies are not firmly established but weigh slightly in favor of Echinometrinae and Strongylocentrotinae as sister groups, with crystallographic data ( Raup 1966 ) and 18s ribosomal RNA sequence data (Raff et al. 1988; Smith 1989 ) supporting this hypothesis. Thus, relationships among the aforementioned elements, all of which belong to SURL reverse transcriptase subfamily 1 (Springer et al. 199 1 ) , clearly show the phylogenetic signature of the host taxa and indicate that these elements have been transmitted vertically in host genomes for the last 35-45 million years.
A second subfamily of reverse transcriptase (subfamily 5 ) is represented by sequences from Ljltcchirms wriqyt1t.s and a single sequence from Hdiociduris c~r~~tllrc~~~r~rl??r7?U. The average Kimura ( 1980) -corrected distance between the L!~techinll.s elements and HERYS ( 18.3% ) from subfamily 5 is approximately the same as the distance between Tripncwsta elements and HERY 7 ( 16.7'rO ) from subfamily 1. This is expected if the same speciation event (see fig. 1 ). At present, it is not known if subfamily 5 occurs in Tripneustes or if subfamily 1 occurs in Lytechinus although DNA hybridization measurements with hydroxyapatite do suggest the possibility of subfamily 1 in the genome of Lytechinus pictus (Scheller et al. 198 1) . have been isolated from each other and from other taxa included in our study for 150-250 million years (Smith 1989; Smith et al. 1992) . Eucidaris was used to root the tree in figure 2 , but given the uncertainties about whether the Arbacia, Dendraster, and Eucidaris reverse transcriptase sequences belong to one of the subfamilies represented by the other sequences or to different subfamilies, this rooting must be regarded as tentative.
Synonymous and Nonsynonomous Substitutions
We envision individual members of retrotransposon families evolving as pseudogenes with elements eventually acquiring deleterious point mutations and / or indels that render these elements incapable of encoding their own retrotransposition.
However, the long-term survival of families of retrotransposons requires functional elements that have not yet acquired such deleterious mutations; these functional source genes must produce new copies fast enough to keep pace with mutational loss of other copies. Conditions under which long-term element survival is expected are reviewed in Charlesworth and Langley ( 199 1). In agreement with the general model outlined above, the short-term pseudogene evolution of retrotransposons, as well as their long-term evolution under purifying selection, is evident when we make comparisons between elements in different species. have not just evolved as pseudogenes subsequent to the evolutionary divergence of the host taxa. We previously noted (Springer et al. 199 1) an increase in the synonymous/ nonsynonymous ratio for increasingly divergent elements for a smaller sample. One explanation for this trend is that individual elements in a genome at any given time evolve as pseudogenes and accumulate nonsynonymous substitutions per nonsynonymous site at the same rate as synonymous substitutions per synonymous site; this affects elements in closely related species. Long-term survival of these ele-ments, however, requires functional copies that evolve under selective constraints and more distant comparisons are probably less affected by this pseudogene influence. A second explanation is that elements probably tolerate a number of amino acid replacements in weakly selected positions, whereas replacements at other positions are selected against more strongly (Springer et al. 199 1) . As saturation occurs for replacements at weakly selected positions, nonsynonymous divergence decelerates, as has been documented for nuclear genes (Wolfe et al. 1989) .
of approximately 1% synonymous substitution per synonymous site; in the other two comparisons, one rate is slightly lower (0.56%-0.7 1%) and one is slightly higher ( 1.73%-2.23%).
Overall, the rate of 1% synonymous substitution per synonymous site for reverse transcriptase is similar to the mutually consistent rate of l.lO%-1.15% divergence per million years for the single-copy fraction of DNA.
Rates of Evolution
Several of the points of concordance between host phylogeny and retrotransposon phylogeny provide a basis for evaluating rates of evolution among elements that show evidence of activity subsequent to the divergence of the host taxa (see previous section ). Table 3 lists rates of synonymous and nonsynonymous substitution in the reverse transcriptase gene for several pairwise comparisons in which reverse transcriptase phylogeny shows good agreement with host phylogeny. Rates of evolution for single-copy DNA, mitochondrial 12s ribosomal rDNA, as well as the H3 and H4 histone genes are also given where data are available. While the histone data are limited for the species included in our study (only one pairwise comparison), rates of single-copy DNA evolution are a useful benchmark because they are typically very similar to rates of synonymous substitution for coding genes in sea urchins and other taxa (Britten 1986; Smith 1988 ).
The rate of synonymous substitution for reverse transcriptase in S. purpuratus-S. drobachiensis is slightly more than half the synonymous rate of substitution in the H3 and H4 histone genes (Busslinger et al. 1982 : Smith 1988 ) for these same two species. Rates of synonymous substitution for histone genes in other sea urchins are also in this range ( Busslinger et al. 1982; Smith 1988) .
Codon Usage Table 4 shows codon usage frequency for the gag pol ORF in TRIP3 versus 42 sea urchin genes tabulated in Wada et al. ( 199 1) . These codon usage frequencie: are also plotted in figure 3. As is evident from this figure. there is a strong bias for codons that end in A or U codons that end in G or C, in turn, occur less frequently, Table 5 shows that this bias holds for twofold and four. fold degenerate sites.
Four of the six rates of synonymous substitution for reverse transcriptase define a mutually consistent rate
We have also examined codon usage in several other retrotransposons, including representatives of the gypq and copia groups, to see if this same pattern obtains (set tables 4 and 5). As for TRIP3, the Drosophila retro. transposons 297 (Inouye et al. 1986 ) and 1731 (Four. cade-Peronnet et al. 1988 ) show a strong bias for codon! that end in A or U at both twofold and fourfold degen NorE.-Rates of evolution in percent divergence per million years: these rates need to be divided by two to obtain per lineage rates. Ranges of rates are basec on the windows of possible divergence times given in table 2. Columns l-3 are for reverse transcriptase (I, synonymous rate: 2, nonsynonymous rate: 3, rate for al sites): column 4, single-copy rate; 5. rate for 12s ribosomal RNA; column 6. synonymous rate for H3 and H4 histone genes. 
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FIG. 3.-The frequency of usage of each codon in a codon family is plotted for all codons that belong to codon families with two or man codons. Codons ending in G, A, U, and C are designated with these letters. The X-axis shows codon usage frequencies for the 3927-bp ORI from TRIP3 (= SURL I-3 Tg); the Y-axis shows codon usage frequencies for 42 sea urchin nuclear genes tabulated in Wada et al. ( 199 1) . Value used to construct this plot were taken from the columns labeled SU and SURL in table 4. erate sites. In 17.31, however, the frequency of codons that end in G is similar to Drosophila nuclear genes (tabulated in Wada et al. 199 1 ) , and it is only codons that end in C that decrease in frequency. A third Drosophila element, gypsy, does not show such strong biases as the other elements, although there is an increase in codons that end in A, a moderate increase in codons that end in U, and a decrease in codons that end in C.
The mug element from Bombyx mori (Michaille et al. 1990 ) shows increases in the frequencies of codons that end in A, U, and G relative to 29 B. mori genes. All codons that end in C have lower frequencies.
It is interesting that codons ending in A or G are preferred at fourfold degenerate sites, whereas codons that end in A or U are preferred at twofold sites. This is easily explained if the order of codon ending preference is A > G > U > C because twofold sites either allow A and G or C and U. Thus, A is preferred at twofold sites requiring a purine, and U is preferred at twofold sites requiring a pyrimidine.
The overall pattern of codon usage for retrotransposons that we have examined is one of strong increases in the frequencies of codons that end in A or U and decreases in the frequencies of codons that end in C relative to nuclear genes. Codons that end in G are usually depressed but are elevated in some cases; decreases in frequency are more noticeable at twofold de generate sites for codons that end in G.
Recognition of Horizontal Transfer
Interspecific horizontal gene transfer is frequent11 suggested as an important force in understanding the evolutionary dynamics of retroviruses as well as variou: types of transposons. Clark et al. ( 1994) recently pre sented convincing evidence for the horizontal transfer of P elements from the Drosophila willistoni specie! group to the D. melanogaster species group; in this case a parasitic mite may act as a vector ( Houck et al. 199 1) Likewise, Benveniste ( 1985 ) compiled cases of horizon, tal gene transfer of both endogenous and exogenous ret, roviruses between mammalian species belonging to dif ferent orders. Whereas retrovirus genomes code fol envelope proteins, which are important in the extracel, lular stage of the retrovirus life cycle and may facilitate horizontal transfer, most retrotransposons apparently lack true envelope proteins, although in several element! in the gypsy group there is an open-reading frame in tht same location as the env gene in retroviruses (Springer and Britten 1993) . Recently, Kim et al. ( 1994) presentec evidence that this ORF does code for a retroviral-likt envelope protein so that gypsy may be infectious. Ever though most retrotransposons lack this ORF, however there are other possible mechanisms for horizontal transfer, including vectors such as baculoviruses that may shuttle retrotransposons between lepidopteran species (Friesen and Nissen 1990) . To date, however, baculovirus-mediated transfer has not been documented. Interspecific horizontal transfer has been suggested for several retrotransposons, however, based on several indirect lines of evidence (e.g., see Mizrokhi and Mazo 199 1; Flavell 1992; Flavell et al. 1992; McHale et al. 1992; Alberola and de Frutos 19934 1993b; Hirochika and Hirochika 1993 ) . One line of evidence is incongruence between retrotransposon phylogeny and host phylogeny. Alberola and de Frutos ( 1993b) , for example, note that gypsy elements "are widely distributed in the Drosophila genus, with discontinuities" (p. 127) and that "no correlation has been found between phylogenetic distance and conservation of gypsy-homologous sequences relative to D. melanogaster" ( p. 133). Flavell ( 1992) argues that a large number of cases of putative horizontal transmission are suggested by phylogenetic evidence for retrotransposons in the copia group, implying that it is a "relatively common process" ( p. 209).
A second line of evidence is based on the assumption that active retrotransposons in two species will diverge from each other faster than typical host genes because the replication cycle of active retrotransposons involves reverse transcriptase, which has a much higher error rate than DNA dependent DNA polymerases ( Doolittle et al. 1989; Mizrokhi and Mazo 199 1; Flavell 1992; Alberola and de Frutos 1993) . Therefore, horizontal gene transfer may be indicated if molecular divergence among retrotransposons in two species is not noticeably greater than the molecular divergence between vertically transmitted, nonretrotransposing host genes in the same two species.
A third line of evidence is patterns of codon usage among retrotransposon genes that differ from patterns of codon usage for typical host genes (e.g., see McHale et al. 1992 ). The logic is that subsequent to interspecific transfer, elements may find themselves in a genome with noticeably different patterns of codon usage until they have resided in the new genome for a sufficient period of time to acclimate to the new patterns of host-codon usage.
In our view, there are potential difficulties associated with all three lines of evidence owing to the complexity and lack of understanding of the evolutionary dynamics of retrotransposons.
Our analysis illustrates several of these difficulties in the case of SURL elements.
First, discrepancies between retrotransposon phylogeny and host phylogeny are expected because of the problem of paralogous sequences, that is, sequences that have duplicated within the genome of an ancestral species prior to a speciation event. Montchamp-Moreau et al. ( 1993) and Voytas et al. ( 1992) have recognized the potential importance of this problem in their studies of retrotransposons as have Clark et al. ( 1994) in their study of dipteran P elements (also see Cummings 1994 2 ) and clearly demonstrates that these elements have been active in echinoid genomes for tens of millions of years and have not just drifted as pseudogenes over this time period, even though a number of these elements are currently nonfunctional as evidenced by frameshift mutations in the reverse transcriptase gene. In spite of this active history of evolution under sequence dependent selection, however, synonymous rates of substitution for reverse transcriptase are similar to synonymous rates of substitution for sea urchin histone genes and to singlecopy DNA rates of evolution. It therefore appears that at least some retrotransposons can remain active over time spans encompassing tens of millions of years without showing accelerated rates of evolution owing to the infidelity of reverse transcriptase and that similar levels of molecular divergence between retrotransposons in twc species and typical host genes in the same two species are not necessarily evidence of interspecific horizontal gene transfer. Without the assumption of accelerated rates, the putative example of horizontal transfer involving Bar30 from barley and M 147 from potatc (Flavell 1992) , both of which are in the copia group, seems much less likely. Bar30 and M 147 reverse transcriptase sequences are 57% identical at the amino acid level, and Flavell ( 1992) argues that it "is almost impossible to believe that retrotransposons which are actively proceeding through reverse transposition cycle5 for any appreciable time on the evolutionary scale could persist in diverging monocot and dicot genomes for periods in excess of lo* years and remain recognisably similar" (p. 209). However, TRIP3 and PURP2 1 are 88% similar in approximately the same region (Springer et al. 199 1) ) and these two sequences apparently diverged 35-45 million years ago. If a similar rate obtains in angiosperm retrotransposons as well, then the 57% amine acid similarity for reverse transcriptase is compatible with divergence at the time of monocot-dicot separation 200 million years ago. In fact, slower rates of evolution among retrotransposons than previously thought imply that they have been present in eukaryotic genomes foi at least hundreds of millions of years, a fact that is con sistent with the antiquity of reverse transcriptase (Xiong and Eickbush 1990) .
Finally, codon usage in SURL elements is different from codon usage for typical sea urchin genes. Furthermore, most retrotransposons probably have patterns 01 codon usage that differ from codon usage for other hosi genes. Such differences in patterns of codon usage between retrotransposons and host genes are sometime> taken as evidence of horizontal transfer. A recent paper by McHale et al. ( 1992) describes the LTR-retrotransposon Cf T-l from Cladosporium fulvum, a fungal pathogen of tomato. Codon usage in Cf T-l differs from codon usage in the host, and McHale et al. ( 1992) argue that this suggests horizontal gene transfer. If the hy pothesis that biased patterns of codon usage in retro. transposon genes indicate horizontal gene transfer is true, then all of the elements analyzed above also qualify a: candidates for recent horizontal gene transfer. However, our results on the evolutionary history of SURL element reverse transcriptases indicate millions of years of vertical transmission and a phylogenetic pattern that approximates the phylogeny of the host taxa. Thus, SURL elements exhibit biased patterns of codon usage relative to sea urchin nuclear genes even though transmission has apparently been vertical rather than horizontal. Clearly, factors other than horizontal gene transfer must be involved in maintaining such strong codon biases; possibly they are related to gene expression or to the prevalence of retrotransposon insertions in regions of the genome that are not GC-rich. TRIP3 from 7'. gratilla, for example, is 60.3% A+T and 38.6% G+C; the flanking regions have similar ( 5 ' flanking region is 63.8% A+T and 3' flanking region is 64.6% A+T) base compositions. These base compositions are typical of whole sea urchin genomes rather than GC-rich coding regions. Drosophila elements such as I731 ( Fourcade-Peronnet et al. 1988 ) and certain integrated retroviral sequences (Bernardi et al. 1985 ) also show base compositions very close to the base compositions of the regions in which they are inserted. Among genes in the human globin family, it also appears that codon usage bias is largely determined by the GC content in the region that contains the gene (Li and Graur 1991) .
Our study suggests that claims of horizontal gene transfer among retrotransposons should be evaluated using rigorous criteria. Certain assumptions underpinning the rationale for recognizing horizontal transfer are incorrect for SURL elements and may prove incorrect for other elements as well.
